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I. INTRODUCTION
The quaternary semiconductors Cu 2 Zn À IV À VI 4 (IV ¼ Si, Ge, Sn and VI ¼ S, Se) have received wide attention as potential solar cell absorber materials. The reported band gaps of these materials are around 1.0-3.0 eV, [1] [2] [3] [4] and the Cu 2 ZnSnðS; SeÞ 4 solar cells have been fabricated with an efficiency factor above $10%, 5 which make them as possible substitutes of the currently commercialized CuðIn; GaÞ Se 2 (CIGSe) solar cells, which may be limited by the scarcity of In.
An ideal solar energy absorber should have a band gap around 1.5 eV and a high optical absorption coefficient for the visible light. With this in mind, the band gaps and optical properties of the Cu 2 Zn À IV À VI 4 systems have been extensively studied both experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and theoretically. [15] [16] [17] [18] [19] [20] [21] [22] However, the performance of a solar cell absorber does not just depend on its band gap and optical adsorption but also on the electric transport efficiency of carriers (electron and hole), which depends on the effective mass. So far, there are only a few first-principles study 15 on the effective masses of Cu 2 ZnSnS 4 (CZTS) and Cu 2 ZnSnSe 4 (CZTSe) and neither experimental nor theoretical results are available for the rest of these quaternary semiconductors.
II. COMPUTATIONAL DETAILS
In this paper, we present a systematic first-principles study on the effective masses of the zinc-blend-derived kesterite (KS) and stannite (ST) structures of Cu 2 Zn À IV À VI 4 within the density functional formalism as implemented in the VASP code. 23 For the exchange-correlation potential, we used the standard Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 24 with the screening parameter set to 0.2 Å . The projector augmented-wave (PAW) pseudopotentials 25 with an energy cutoff of 400 eV for the planewave basis and 5 Â 5 Â 5 Monkhorst-Pack 26 C-centered k-point meshes were employed to give converged results. The Sn 4d and Ge 3d electrons were treated as valence electrons and the spin-orbit coupling (SOC) was included in the calculations of electronic structures.
III. RESULTS AND DISCUSSION
Theoretically, the zinc-blend-derived KS structures [space group I 4, Figure 1 (a)] have been shown to be the most stable structures for the Cu 2 Zn À IV À VI 4 systems 16 due to the small strain energy and more negative Madelung energy. [17] [18] [19] [20] The zinc-blend-derived ST structures [space group I 42m, Figure 1(b) ] are slightly less stable than the KS structures, and the KS and ST ordering may coexist in the synthesized samples. 14 The calculated energies, lattice constants, band gaps, crystal-field, and spin-orbit splittings 27 for zinc-blend-derived KS and ST structures of Cu 2 Zn À IV À VI 4 (IV ¼ Sn, Ge, Si and VI ¼ S, Se) along with available experimental data are summarized in Table I . Our results show that the KS structures are energetically more favorable than the ST structures, which is consistent with previous findings. 16, 18, 21 The lattice constants produced by the HSE06 functional are in good agreement with experiments and deviations are typically less than 1%. The tetragonal distortion parameter, g ¼ c=2a, is less than 1 for the KS structure while larger than 1 for the ST structure due to the different arrangement of Cu and Zn atoms in these two structures and the different bond lengths of the Cu-X, Zn-X, and IV-X bonds. The calculated band gaps of Cu 2 Zn À IV À VI 4 using HSE06 also agree well with available experimental findings. The ground state KS structures have the largest gap for all studied components. Although the Se based compounds have notably smaller band gap than the S based compounds, the band gap differences between the KS and the ST structure are almost the same for Cu 2 Zn À IV À S 4 and Cu 2 Zn À IV À Se 4 (IV ¼ Sn, Ge). The value is 0.18 eV for Cu 2 ZnSnðS; SeÞ 4 and 0.30 eV for Cu 2 ZnGeðS; SeÞ 4 . The density of states (DOS) of the Cu 2 ZnGeSe 4 (CZGSe) is plotted in Figure 2 . The shapes of the DOS for the rest quaternary semiconductors Cu 2 Zn ÀIV À VI 4 are qualitatively the same (not shown) due to their similar chemical compositions and structures. From the calculated DOS, it can be clearly seen that the DOS of the KS and ST structure are quite similar, the upper valence bands are mainly derived from the hybridization between p states from Se atoms and d states from Cu atoms, while the lower conduction bands are mainly derived from the hybridization between the s and p states from Se atoms and s states from Ge atoms, which are consistent with previous works 15, 18, 20, 21 on CZTS and CZTSe.
Similar to the situation of CuðIn; GaÞðS; SeÞ 2 , 28 for Se-based compounds, the spin-orbit splitting are positive and large, while negative and much smaller spin-orbit splittings are observed in S-based materials, which is consistent with the fact that selenium is much heavier than sulphur so relativistic effects are more pronounced in Se-based compounds and that more Cu d components exist in the sulphides. Moreover, the sign of the crystal-field splitting is different between the KS and ST structured Cu 2 Zn À IV À VI 4 , which leads to a different character of the hole effective masses of the topmost 3 valence bands in those structures (see below).
The valence band maximum (VBM) and the conductor band minimum (CBM) of the studied Cu 2 Zn À IV À VI 4 are all at the C point. We can write the effective mass tensor of zinc-blend-derived KS and ST structures as the following form by considering the point group symmetry of the crystal cell:
That is, the tensor contains only two independent components: the longitudinal mass m k parallel to the c-axis of the crystal cell shown in Figure 1 and the transverse mass m ? perpendicular to the c-axis. One only needs to do onedimensional fittings along certain directions to get the whole effective mass tensors of these structures.
The results on the electron and hole effective masses at the C point are summarized in Table II . Our results on the effective masses of Cu 2 ZnSn À VI 4 (VI ¼ S, Se) are close to Persson's previous findings. 15 It can be clearly seen from Table II that the electron effective masses are fairly isotropic, while the hole effective masses show strong anisotropy, and the electron effective masses are typically much smaller than the hole effective masses for all studied quaternary semiconductors. Take the effective masses of the KS CZGS (CZTS) as examples: the electron effective masses are m v1 ¼ 0:91m e ð0:74m e Þ, i.e., the transverse hole masses are about three times larger than that of the longitudinal hole mass in these materials. This difference between the electron and the hole effective masses could be understood by analyzing the constituents of the CBM and the VBM shown in Figure 2 . For the CBM, a notable TABLE I. The total energies E t , lattice constants a, tetragonal distortion parameters g ¼ c=2a, and band gaps E g of zinc-blend-derived Cu 2 Zn À IV ÀVI 4 . The total energies are relative to those of the KS structures. We also present the calculated crystal-field splitting D cf and spin-orbit splitting D so . Experimental data [1] [2] [3] [4] are listed for comparison, whereas "…" means that no experimental data are currently available. 2012) contribution from the spherically symmetric s states of the group IV element is observed, which could account for the small isotropic electron effective masses. On the other hand, the VBM is dominated by the low lying anisotropic d states of
Cu atoms and p states of the anions, which could lead to the large anisotropic hole masses.
In Figure 3 , we plot the topmost 3 VBs along the c-axis of the crystal cell in the immediate neighborhood of the C point for the KS and the ST CZGS, respectively. The results of other compounds are similar. It can be seen from Figure  3 (a) that for the KS structure, the 1st VB has a much stronger upward energy dispersion at the C point than those of the next 2 VBs, which results in a much smaller hole effective mass along the c-axis (m ¼ 0:63m e , since they are split from the doubly-degenerate C 5v states by the SOC, which is quite weak in S-based compounds. In contrast to the KS CZGS, the ST CZGS owns a opposite ordering in the bands and thus the hole effective masses (see Figure 3(b) ), that is, the hole masses along the c-axis of the topmost 2 VBs (m Table I ). In order to illustrate it, the partial charge density at the C point of the topmost 3 VBs in the Cu-S-Zn plane for the KS and the Cu-S plane for the ST CZGS are plotted in Figure 4 . One can see that for the KS structure, the p orbitals in sulfur of the 1st VB are parallel to the c-axis of the unit cell and those of the next 2 VBs are perpendicular to the c-axis, while for the ST structure, the p orbitals in sulfur of the topmost 2 VBs are perpendicular to the c-axis and those of the 3rd VB are parallel to the c-axis, which clearly indicates that the 1st VB of the KS structure corresponds to the 3rd VB of the ST structure, and the 2nd and the 3rd VB of the KS structure corresponds to the 1st and the 2nd VB of the ST structure, respectively. The most obvious trend on the effective masses of Cu 2 Zn À IV À VI 4 (IV ¼ Sn, Ge, Si and VI ¼ S, Se) from Table II is that the electron and hole effective masses of Se-based compounds are significantly smaller than those of S-based compounds, more precisely, the effective masses of Cu 2 Zn À IV À S 4 are around 50%-100% larger than those of Cu 2 Zn À IV À Se 4 with the same structure. This trend on the effective masses reflects the fact that the lowest conduction band (CB) and topmost VB of Se-based compounds have stronger downward and upward energy dispersions around the C point than those of S-based compounds, which also contributes to the smaller gaps in Table I . To see it more clearly, the situation for the Cu 2 ZnGeðS; SeÞ 4 is plotted in Figure 5 , if we look at the effective mass m v1 of the first valence band (red line in Figure 5 ) for the KS structure, the component m 
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Liu et al. J. Appl. Phys. 112, 093717 (2012) only 0.38 m e for the CZGSe, so the holes in the CZGSe could response to an electrical field applied perpendicular to the c-axis twice faster than those in the CZGS according to the semi-classical model of carriers in crystal. The above trends can be explained according to two factors: (i) the s and p states of the group VI anions contribute dominantly to the lowest CBs and topmost VBs in Cu 2 Zn À IV À VI 4 , and the s and p states are much more localized in S atom than those in Se atom due to the smaller atomic radius and the resulting stronger attraction by nucleus; (ii) the lattice constants for S-based compounds are around 5% smaller than the Se-based compounds, which means larger band gap and less coupling between valence band and conduction band in S-based compounds. As a result, the electrons and holes in Cu 2 Zn À IV À S 4 are bound more strongly than those in Cu 2 Zn À IV À Se 4 , which finally leads to lower mobility and larger effective masses in Cu 2 Zn À IV À S 4 . Previously a similar trend has been found by Persson on the effective masses of CIGS and CIGSe. 28 The effective masses also increase with the decrease of the atomic number of the group IV cation in Cu 2 Zn À IV ÀVI 4 (IV ¼ Sn, Ge, Si and VI ¼ S, Se) in most cases, which is illustrated in Figure 6 for the Se-based compounds, and the results for S-based compounds are qualitatively the same. For example, the hole effective masses perpendicular to the c-axis of the KS Cu 2 Zn À IV À Se 4 is 0.32, 0.38, and 0.58 m e for IV ¼ Sn, Ge, and Si, respectively. Since the s and p states in the IV cation contribute to the topmost VBs   FIG. 5 . The effective masses of Cu 2 ZnGe À VI 4 (VI ¼ S, Se) as a function of the group VI anions: (a) for the KS structure and (b) for the ST structure. The (100) and (110) in the upper panels stand for the direction parallel to the a-axis and the direction parallel to the diagonal of the square in the ab-plane of the crystal cell shown in Figure 1 , respectively, while the (001) in the lower panels stands for the direction parallel to the c-axis of the crystal. The lines are drawn to guide the eye.
FIG. 6. The effective masses of Se-based compounds as a function of the group IV cations: (a) for the KS structure and (b) for the ST structure. The (100) and (110) in the upper panels stands for the direction parallel to the a-axis and the direction parallel to the diagonal of the square in the ab-plane of the crystal cell shown in Figure  1 , respectively, while the (001) in the lower panels stands for the direction parallel to the c-axis of the crystal. The lines are drawn to guide the eye. and lowest CBs, respectively, the trend can also be explained by the above arguments.
One can see from Table II that the influences on effective masses by substituting the IV cations are typically smaller than the influences by substituting the group VI anions, for example, the m ? c1 of the KS CZSiS (0.24 m e ) is only 26% larger than that of the KS CZTS (0.19 m e ) while 60% larger than that of the KS CZSiSe (0.15 m e ); this is because that the contribution to the lowest CBs and topmost VBs by the group IV cations are less notable than those of the VI anions, which is clearly illustrated in Figure 2 . One can also tell from Table II and more straightforwardly from the slopes in Figure 6 that difference between the effective masses of the Cu 2 ZnSi À VI 4 and the Cu 2 ZnGe À VI 4 is larger than that between the Cu 2 ZnGe À VI 4 and the Cu 2 ZnSn ÀVI 4 , and the latter is negligible in most cases. As a result, the CZTSe and the CZGSe have the smallest electron and hole effective masses among all studied quaternary semiconductors. Note that the effective masses of the CZTSe and CZGSe are also very close to those of the CIGSe. 28 
IV. SUMMARY
In conclusion, the effective masses of Cu 2 Zn À IV À VI 4 (IV ¼ Sn, Ge, Si and VI ¼ S, Se) were studied using density functional methods. We find that (i) for all studied compounds, the electron effective masses are fairly isotropic, while the hole effective masses show strong anisotropy, and the electron effective masses are typically much smaller than the hole effective masses; (ii) the ordering of the hole effective masses of the topmost 3 VBs for the KS and the ST structure are different due to the different sign of the crystal-field splitting in those structures; (iii) the effective masses of Se-based compounds are significantly smaller than the corresponding S-based compounds, substituting the small IV element with larger ones can also decrease the effective masses but the influences are smaller; (iv) CZTSe and CZGSe have the smallest electron and hole effective masses among all studied compounds, which is beneficial for their electrical conductivity.
